in these silicates has been determined using XANES spectroscopy at the Eu, Ce, Tb, Sm, Yb, L 3 -edges. The experimental XANES spectra were recorded using the synchrotron radiation source ANKA (Karlsruhe Institute of Technology) and the X-ray laboratory spectrometer Rigaku R-XAS. By comparing the absorption edge energies and white line intensities of the silicates with the ones of reference spectra the oxidation state of lanthanides Eu, Ce, Tb, Sm, Yb has been found to be equal to +3 in all investigated silicates except of the Ce-containing silicate from the run in Cu container where the cerium oxidation state ranges from +3 (Ce in silicate apatite and in a KCe silicate with Si 12 O 32 layers) to +4 (starting CeO 2 or oxidized Ce 2 O 3 ).
Introduction
Synthesis and investigation of new silicates containing rare earth elements (REE) are of particular interest as they have a potential to determine the environmental conditions of mineral formation. From geochemical point of view such silicates may have significance as indicators of hydrothermal conditions of rare earth mineralization. REE-bearing silicates are also multi-functional group of novel compounds with increasing application areas. They have potential in photoluminescence, ionexchange properties and electronics.
In the present investigation the synthesis of single crystals (up to 3 mm length) of REEcontaining (REE = Eu, Ce, Tb, Sm, Yb) silicates were done under controlled conditions of formation [1] [2] [3] . Analysis of the chemical compositions and chemical structures of most of the synthesized silicates has already been performed [1] [2] [3] .
In the paper we present the determination of the oxidation state of rare earth elements in the synthesized silicates on the basis of X-ray absorption near-edge structure (XANES) spectroscopy. XANES spectroscopy [4] is an effective method which allows obtaining information on electronic and local atomic structure around the absorbing type of atoms in materials in condensed state even without long-range order in atomic distribution [5] . In our research the oxidation state of lanthanides (Eu, Ce, 3 -XANES spectroscopy at the SUL-X beamline of the synchrotron radiation source ANKA (Karlsruhe Institute of Technology (KIT)) has been applied to obtain valence state of Ce and Tb in the run products from REE (aluminium) silicate syntheses. The SUL-X beamline uses a wiggler as radiation source. A Si(111) crystal pair installed in a fixed exit double crystal monochromator provided the monochromatic radiation. ANKA was operating at 2.5 GeV electron energy at electron current of 100 -150 mA. X-ray energy was calibrated for the Ce L 3 -edge with a Cr and for Tb L 3 -edge with a Co metal foil to 5989 eV and 7009 eV, respectively (first inflection point). Calibration spectra were measured simultaneously with the sample spectra. Spot size at sample positon was about 0.8 mm x 0.8 mm (KB mirrors collimated). For small aggregates the beam has been focused to about 0.15 mm (hor.) x 0.1 mm (vert.) at the sample position.
Ce [2] and as single crystals and polycrystalline aggregates from the runs in Cu containers. Samples were pressed to pellets when sufficient material could be selected or fixed on Kapton tape and measured in transmission using ionization chambers as detectors and at the same time in fluorescence mode (beam -sample -detector angles: each 45°) with a 7 element Si(Li) solid state detector (SGX Sensortech, former Gresham). Transmission data were preferred when concentrations of the absorbing element were high like for Ce sample in Ni-container and the Tb sample, whereas for some Ce containing single crystals and polycrystalline aggregates of the run in Cu-containers fluorescence data gave better signal to noise ratio. Gas fillings of the first, second and third ionization eV, respectively. Pre-edge background have been measured 150 eV before the edge with 5 and 2 eV energy step widths, across the edge (-20 to +20 eV) with 0.3 eV step width (all counting times 1s per step) and above the edge up to k 10.8 for Ce and 13.9 for Tb with square root of k as counting time.
Edge energies for Ce L 3 and Tb L 3 were set to 5.723 and 7.514 keV, respectively. Pre-edge, post-edge corrections and edge jump normalization have been performed with the ATHENA code [7] . Data quality of the spectra was not sufficient for EXAFS analysis because focus was put on screening the XANES region of many aggregates. Hence, measurement parameters were optimized for fast data accumulation giving sufficient signal to noise ratio just in the XANES region. Moreover, EXAFS data evaluation is not possible in the cases of polycrystalline aggregates that consist of at least two Ce containing phases, and is difficult in the cases where measurements had to be done on single crystals directly due to orientation effects because sufficient material was not available for grinding and preparing pellets.
-XANES spectra of investigated silicates and reference samples were also recorded using X-ray absorption laboratory spectrometer Rigaku R-XAS. XANES spectra were measured in the transmission mode. A tungsten cathode and a Ge (311) crystal monochromator were used. X-ray tube voltage was 20 kV and current was 70 mA. A gas-filled proportional counter (argon gas at a pressure of 300 mbar) was used to register the intensity of the incident radiation, while a scintillation detector was used to register transmitted radiation.
Additionally, powder synchrotron X-ray diffraction (XRD) at the SUL-X beamline (Si(111) crystal pair as monochromator) was used to identify crystal phases from the Ce silicate syntheses in Cu containers where electron microprobe analysis have not yet been carried out. A CCD detector (XDR VHR-2 150, Photonic Science) have been used in symmetric transmission geometry in 16 bit fusion mode with 2 x 2 binning with a beam focused to about 150 µm (hor.) x 100 µm (vert.) at the sample position. Lattice plane distances have been calibrated with LaB 6 (NIST 660b), and CCD diffraction images were radially integrated to 1D XRD pattern using the Fit2D software [8] . With the given energy (17 keV, about 0.73 Å) and sample detector distance (about 106 mm) the lower limit of d-values range down to about 1.2 Å. The upper limit of d values was about 15 Å due to the primary beam stop. Further data evaluation for crystal phase identification has been performed with the DIFFRAC.EVA software (V 4.1.1, Bruker) [9] and the ICDD powder diffraction database.
Results and discussion
The positions of the white line of the Ce L 3 spectrum of the single crystals from the runs in Ni and Cu containers are close to the white line position of the Ce(III)(NO 3 ) 3 reference spectrum whereas the polycrystalline aggregates from the runs in Cu containers contain Ce(IV) besides Ce(III) in different fractions, even in the runs with Ce 2 O 3 and CeF 3 as starting material (Figure 1b,c) . Single crystals in general show only Ce(III). Ce(IV) in the fine and coarse grained material represent unreacted or dissolved and re-precipitated Ce(IV)O 2 verified by XRD for the run Ce-Cu1 or is due to oxidized Ce 2 O 3 starting material for the runs Ce-Cu2 and Ce-Cu3 (Table 1, Figure 1b,c,d ). Ce(III) in the fine and coarse grained material as well as in single crystals (Figure 1b,c) are most probably incorporated into silicate structures. XRD confirms CeO 2 for the sample fractions where Ce(IV) has been detected in the Ce L 3 -XANES spectra (Figure 2 ). Other Bragg reflexions matches with KAl feldspar (KAlSi 3 O 8 , most probably as the Al, Si disordered sanidine phase), and sometimes with KAlSiO 4 (kalsilite). The latter is not shown here. The remaining patterns of the Bragg peaks of the run products from Cu containers (Ce-Cu2, Ce-Cu3) are very similar to Ce 9.33 (SiO 4 ) 6 O 2 which has apatite structure [10] . Due to the presence of K during synthesis also a silicate apatite with KCe 9 (SiO 4 ) 6 O 2 composition analogous to KPr 9 (SiO 4 ) 6 O 2 [11] is under discussion, and has to be verified by electron microprobe analysis. A KCe silicate apatite has not been described so far. Ce is 3+ in the apatite structure which is confirmed also by the Ce(III) whiteline increases in the Ce L 3 -XANES spectra of the sample fractions were Bragg reflexion of the silicate apatite are intense and reflexions of the CeO 2 are low in the X-ray diffractograms (Figure 2 ). The apatite structure is also supported by the hexagonal habitus of some of the single crystals detected in the run products. Single crystal structure investigation has been started for verification. KPr 9 (SiO 4 ) 6 O 2 is mentioned as a potential oxide ion conductor [11] . Recently silicate apatites have been synthesized with Na, Ca and Eu, Gd, Sm, and also K and Pr [12] , and Li and Eu, Ce, Tb [13] . Such compounds are discussed as new optical materials, e.g., as phosphors for application in solid-state lighting. Our investigations show that REE silicate apatites can also form under hydrothermal conditions (500 °C, 1 kbar) apart from the solid state and flux procedures described in [12, 13] .
The XRD of one aggregate of the Ce-Cu2 run is similar to the pattern of K (Figure 3) .
Only Ce(IV) have been found in the run Cu-Cu1 (Figure 1d) where few large fragments do not show crystal faces and are gel like amorphous products. XRD of the aggregates that are the main fraction in this run shows CeO 2 and a KAl feldspar (KAlSi 3 O 8 ) . This run was the only one in Cucontainers with CeO 2 as starting material and where Cu 2 O added as buffer was still present after the run. High oxygen fugacity may have prevented Ce(IV) from reduction and hence from incorporation into silicates, and just KAlSi 3 O 8 feldspar had formed. Tb ion oxidation state has been determined to be equal to +3 because the white line of the spectrum of the Tb polycrystalline aggregates from the run in Cu-container is close to the lower energy position of the two white lines of a Tb(III,IV) mixed oxide ( Figure 4 ; [15] ). This is a similar result as for Ce in some of the coarse aggregates and single crystals from runs Ce-Cu2 and Ce-Cu3 (Figure 1b,c) 
Conclusions
The oxidation state of rare-earth elements (REE=Eu, Ce, Tb, Sm, Yb) in new synthesized REEcontaining silicates has been determined using XANES spectroscopy near REE L 3 -edges. Comparison of the absorption edge energies of the silicates with the ones of reference substances allowed to determine the oxidation state of Eu, Ce, Tb, Sm, Yb in all investigated silicates equal to +3 except for the Ce-containing silicate synthesized in Cu containers where Ce was found also in oxidation state +4 most probably due to non-reacted CeO 2 or oxidized Ce 2 O 3 starting material that has not been incorporated into silicates. A Ce or KCe silicate apatite has been discovered from two runs in Cucontainers.
We are incredibly sad to report that Vladimir Taroev died suddenly on January 28, 2016. He was an experimental mineralogist and petrologist by heart with his specialty of hydrothermal synthesis of feldspars and new REE silicates.
